In a recent paper (11) we suggested that high state 4 respiration rates in corn mitochondria are linked to energy expenditure in phosphate transport. State 4 respiration was considerably augmented by polycations which served to increase phosphate transport, producing swelling. It seems to be widely accepted that energy-linked ion transport in mitochondria is a process capable of releasing coupled respiration (3, 20, 21) , although it is sometimes pointed out that the stoichiometry is disturbing (3), and that permeant anions are required (20 MATERIALS AND METHODS Mitochondria. Corn mitochondria (Zea mays L., WF9(Tms) X M14) were isolated and assayed as previously described (11). Final suspension of the mitochondria was in the same medium as used for the basic reaction mixture: 200 mm sucrose, 10 mm TES buffer, 1 mm MgSO,, 1 mg/ml bovine serum albumin, adjusted to pH 7.6 with KOH. Mitochondria concentrations were adjusted to approximately 10 mg protein/ml, with protein determinations corrected for the BSA of the suspending medium. Reaction vessels contained 4.4 ml of the basic medium plus 0.1 ml of mitochondria suspension (about 1 mg protein), with additives as indicated in figures and tables. Temperature was 28 or 29 C. Recordings of 02 consumption and percentage of transmission were as previously described (1 1). ATP Measurements. Two-ml samples were withdrawn from the reaction vessel in the spectrophotometer before and 1 min after adding 300 nmoles ADP. In determination of adenylate kinase blanks the same procedure was followed, but initial additions were made of 20 /M rotenone, 3 tM antimycin A, and 20 ,ug oligomycin, and addition of NADH was omitted. The samples were added to 3 ml of 20 mm glycine buffer, pH 7.7, in a boiling water bath. After 15 min the tubes were cooled in an ice bath, and the denaturated mitochondria were centrifuged down at 5000g for 10 min. Aliquots of the extract were assayed for ATP by a luciferase assay (15) using an
respiratory increase of corn mitochondria in response to additions of inorganic phosphate is due to energy expended in phosphate accumulation. Most of the respiratory release occurs from accelerated turnover of the coupling mechanism with internal phosphate in an oligomycin-sensitive reaction. Addition of ADP to mersalyl-blocked mitochondria depletes internal phosphate in ATP formation and respiration declines. Arsenate produces the same responses as phosphate but is more effective in respiratory release.
Inhibition of the ADP-ATP antiporter with atractyloside shows that the increased respiration with internal phosphate is not due to turnover of ADP acceptor through exogenous ATPase.
Use of valinomycin to facilitate movement of K+ greatly accelerates the rate of phosphate swelling, but there is no consistent correlation between respiration and swelling. In the absence of phosphate, valinomycin dramatically releases respiration with only trivial swelling.
The data indicate that loose coupling in due only fractionally to energy expenditure in ion transport. An explanation consistent with the observations can be derived by assuming that both a high energy intermediate (I~X) and a proton motive force-or its electrochemical equivalent-arise at coupling sites.
In a recent paper (11) we suggested that high state 4 respiration rates in corn mitochondria are linked to energy expenditure in phosphate transport. State 4 respiration was considerably augmented by polycations which served to increase phosphate transport, producing swelling. It seems to be widely accepted that energy-linked ion transport in mitochondria is a process capable of releasing coupled respiration (3, 20, 21) , although it is sometimes pointed out that the stoichiometry is disturbing (3) , and that permeant anions are required (20) .
Some further experimentation in which acetate was substituted for phosphate gave a puzzling result. Although acetate definitely gave active swelling there was only a trivial release of respiration with or without polycations. The swelling is known to result from acetate transport, with any of a wide spectrum of cations serving as counter ion (25) . Hence, there is something exceptional about phosphate transport which makes it effective in accelerating respiration.
Perhaps it is not the act of phosphate transport which releases respiration, but rather the presence of accumulated phosphate in the matrix. A technique for resolving this question is available in the use of organic mercurials to block phosphate transport (8, 9, 24 MATERIALS AND METHODS Mitochondria. Corn mitochondria (Zea mays L., WF9(Tms) X M14) were isolated and assayed as previously described (11) . Final suspension of the mitochondria was in the same medium as used for the basic reaction mixture: 200 mm sucrose, 10 mm TES buffer, 1 mm MgSO,, 1 mg/ml bovine serum albumin, adjusted to pH 7.6 with KOH. Mitochondria concentrations were adjusted to approximately 10 mg protein/ml, with protein determinations corrected for the BSA of the suspending medium. Reaction vessels contained 4.4 ml of the basic medium plus 0.1 ml of mitochondria suspension (about 1 mg protein), with additives as indicated in figures and tables. Temperature was 28 or 29 C. Recordings of 02 consumption and percentage of transmission were as previously described (1 1) . ATP Measurements. Two-ml samples were withdrawn from the reaction vessel in the spectrophotometer before and 1 min after adding 300 nmoles ADP. In determination of adenylate kinase blanks the same procedure was followed, but initial additions were made of 20 /M rotenone, 3 tM antimycin A, and 20 ,ug oligomycin, and addition of NADH was omitted. The samples were added to 3 ml of 20 mm glycine buffer, pH 7.7, in a boiling water bath. After 15 min the tubes were cooled in an ice bath, and the denaturated mitochondria were centrifuged down at 5000g for 10 min. Aliquots of the extract were assayed for ATP by a luciferase assay (15) Figure 1 . mercurials are effective in blocking passive exit of phosphate. By adding mersalyl after Pi is accumulated and by centrifuging through silicone oil, it is possible to get reproducible values for Pi content of mitochondria. There does appear, however, to be leaching of endogenous Pi from the mitochondria into the reaction medium prior to addition of exogenous Pi and mersalyl, since endogenous Pi could not be detected after recovery of the mitochondria from the reaction medium.
Phosphate uptake was determined in parallel with 02 consumption and % T measurements using 1 0-ml Erlenmeyer flasks shaken in a bath at 28 C. Reactions were started with 1 ml of mitochondria (about 10 mg protein), 0.3 ml of basic medium, and 0.2 ml of NADH solution (9.4 ,umoles Table II ). Oligomycin brings the respiration back towards the rate without Pi (in the 12 experiments, the average rate after oligomycin addition was 92 + 16 nanomoles 02/ min-mg protein).
Since Pi addition also causes active swelling, we suggested that active transport was responsible for the respiratory increase (11) .
However, as shown in Figure 2 , this is not likely to be true. Acetate is also pumped in giving swelling, but there is only trivial release of respiration. Low respiration rates during potassium acetate pumping in corn mitochondria have been noticed before (25) . We have also checked acetate swelling in the presence of protamine, and again there is no significant increase in respiration rate although additional swelling is obtained.
As previously observed (11) in oligomycin-blocked mitochondria on adding ADP (Figs. 1 and 5) which must also contribute to the decrease in transmittance. Figure 3 , A and B, differ from Figure 2C in that the mersalyl is added after Pi has been accumulated and the higher "state 4" respiration is attained. Mercurials have but little effect on state 4 respiration in liver mitochondria (9, 24) . This result is confirmed here for corn mitochondria and it indicates that the respiratory increase on addition of Pi is largely due to the presence of accumulated Pi, not the act of transporting it. Additional evidence is provided by the decline in respiration in respiration, again indicating that acceptorless respiration is governed at least in part by internal Pi concentration.
In Figure 3A the mitochondria were freshly isolated; in Figure 3B the same mitochondria had been held in ice for several hours. They differ in two respects: acceptorless respiration was lower in fresh mitochondria and there was a burst of respiration on addition of ADP, just as reported for liver mitochondria (9, 23) . With the aged mitochondria there was no respiratory burst. However, aging with its additional loose coupling does not noticeably alter the response to additions of Pi, mersalyl, or ADP. The coupling mechanisms for Pi transport and ATP formation are still quite active. Figure 4 presents data compiled from a series of experiments to determine the effect of Pi concentration on acceptorless respiration and swelling. Respiration rates rose rapidly with Pi additions up to about 1 mm. A second but lower rate of Pidependent respiratory increase occurred between 4 and 8 mM Pi; this might be related to the extensive swelling occurring here. The Km for Pi in ATP formation is transport-dependent and is about 0.25 mm with undamaged membranes (2) , which falls in the range of the initial respiratory increase and swelling observed here (Fig. 4) and suggests that the second phase may be nonphysiological. As a compromise which would secure good Pi uptake without apparent damage as judged by the ability of ADP to reverse swelling (Fig. 3) , we settled on 5 mM Pi additions.
Addition of mersalyl subsequent to Pi only slightly depressed respiration at any concentration, and DNP uncoupled respiration was independent of Pi concentration (Fig. 4) . However, mersalyl does have some stimulating effect on NADH oxidation ( Fig. 2C; ref. 11) , and thus the difference between the + mersalyl respiration curves might be larger if a correction were made here.
Determinations of Pi uptake are given in Table I. Table II shows the results from determining ATP before and after adding ADP as in Figure 3 . It was necessary in these experiments to determine ATP arising from adenylate kinase (an intermembrane enzyme, ref. 7) and subtract this as a blank control. The net ATP thus formed is reasonably like the amount of Pi accumulated (cf. Table I ), except with 10 mm Pi additions. As mentioned above there may be some swelling damage at high Pi concentrations.
Oligomycin suppresses the enhanced respiration obtained with internal Pi, and subsequent addition of ADP fails to produce the pronounced shrinkage attendant on loss of Pi as ATP ( Fig. 5; cf. Figs. 1, 3) . (There is, however, the small, sharp decrease in transmittance mentioned above.) Perhaps oligomycin interferes with the reaction of internal Pi with the primary high energy intermediate, much as proposed by Ernster et al. (6) , and in this fashion prevents Pi turnover and inhibits respiration. An alternative view is that of Lardy et al. (14) that oligomycin prevents phosphoryl transfer to ADP.
In mersalyl-blocked mitochondria with high Pi content there is sufficient endogenous adenylate to form about 4 nmoles ATP/mg protein (Table II) . Racker (22) thinks that loose coupled respiration arises from hydrolysis of endogenous ATP, recycling ADP. If this ADP recycles through an ATPase external to the inner membrane, the recycling can be blocked with atractyloside, the inhibitor of the ADP-ATP exchange transport (13) . Figure 6A shows that atractyloside blocks the normal state 3 respiration and shrinkage initiated by ADP addition (cf. Fig.   1 ). There are two oddities: atractyloside increases the state 4 respiration, a phenomenon explained for liver mitochondria as due to damage caused by phosphate (1): subsequent addition of ADP actually decreases respiration. Blocking further phosphate transport with mersalyl does not change these responses (Fig. 6BW cf. Fig. 3 ). The respiratory increase with atractyloside is associated with a sharp rise in transmission, even when Pi Figure 3 with additions of 5 mm potassium arsenate and 1 mm cysteine as indicated. Note that cysteine removes the mersalyl inhibition of Pi transport, permitting state 3 respiration. transport is inhibited with mersalyl (Fig. 6B) . Furthermore, atractyloside eliminates the sharp decrease in %T on addition of ADP (Fig. 6A ) which is found even in oligomycin-blocked mitochondria (Fig. 5) . These responses to atractyloside are not readily explained simply on the basis of blocking the ADP-ATP exchange transporter. However, the results do show that if phosphate-induced respiration is due to turnover of ADP it cannot be through ATPases external to the inner membrane.
Arsenate Accelerated Respiration. If turnover of the phosphorylating mechanism is responsible for the high state 4 respiration, it should be possible to augment the rate by substituting arsenate for phosphate. Arsenate is believed to form an unstable intermediate, possibly at the level of ADP-As formation (6) .
In a preliminary experiment it was confirmed that initial addition of mersalyl blocks arsenate transport (24) . Figure 7 , A and B, compare arsenate with phosphate in an experiment like that of Figure 3 . The experiment with Pi includes an addition of cysteine to demonstrate the reversible nature of mersalyl inhibition of Pi transport (24) . Qualitatively, the responses to arsenate and Pi are the same. Quantitatively, arsenate was more effective in releasing respiration, but subsequent addition of ADP produced less rapid shrinkage and proportionately greater respiratory decline.
However, why should there have been any shrinkage and respiratory decline at all? Possibly the arsenylated analog of ATP is more stable than is commonly assumed (6), hydrolyzing only on exit from the membrane and thus allowing for a significant loss of arsenate from the matrix.
It should be noted that if the extra respiration on addition of Pi or As were linked solely to transport, arsenate should have produce greater swelling. It did not.
Kinetics of Pi Transport. It is evident from the foregoing experiments that the integrated process of ATP formation can be separated into two parts: (a) phosphate transport followed by (b) ADP transport, ATP formation, and ATP exit. The second process is quite rapid (Fig. 3) . By fitting tangents to the shrinkage curves on addition of ADP it can be estimated from the ATP formed (Table II ) that the initial rate of ATP formation in normal oxidative phosphorylation with NADH as sponds to a rate of 8 to 10 nmoles/sec-mg protein for ATP formation in normnai oxidative phosphorylation with NADH as substrate (e.g., the rate for the second addition of ADP in Fig. 1 is 8 .5 nmoles/sec mg protein). However, initial Pi trans- port is much slower (Fig. 3) (Fig. 1) , Pi transport must be keeping pace with ATP formation.
In net uptake the phosphate anion must be accompanied by a cation to maintain electrical neutrality, largely K+ in these experiments (1 1). However, in coordinated ATP formation little or no uptake of K+ is required: Pi-+ ADP-in; ATP' out (13) . Hence, the low rate of Pi uptake as in Figure 3 might result from an opposing electropotential due to resistance to K+ penetration. It this resistance were lowered with a K+ ionophore such as valinomycin it should be possible to show a respiratory release with salt pumping as has been done with animal mitochondria (3, 20, 21) .
Valinomycin does initiate a large increase in respiration and there is abrupt phosphate swelling which shortly approaches steady state (Fig. 8) . Blocking the Pi transporter with mersalyl has little effect on respiration, but after a few seconds there is a sudden induction of shrinkage, presumably due to a backflow of potassium phosphate through other than Pi transporter sites; there is no such shrinkage in liver mitochondria (24) . Addition of ADP increases the shrinkage. Thus some ATP formation seems to occur, but there is evidence for permeability changes in the spontaneous shrinkage on addition of mersalyl, and in the failure to obtain complete shrinkage (cf. Fig. 3) . Figure 8B shows the result of adding valinomycin before Pi. There is an impressive release of respiration (K+ is present due to adjustment of pH with KOH). However, there is only trivial swelling until Pi is added. In liver mitochondria, release of respiration by valinomycin in the absence of Pi or acetate is linked to substrate uptake, for example succinate (23) . Using NADH as substrate in corn mitochondria shows that valinomycin can act much like an uncoupler in the absence of permeant anions or substrates; i.e., facilitating membrane penetration by K+ releases respiration by a means not linked to net salt transport.
DISCUSSION
These experiments reveal only a small increment of additional respiration associated with salt pumping (acetate, Fig.  2B ; difference in respiration before and after adding mersalyl, Fig. 4 ). It appears that accumulated phosphate is largely responsible for increased acceptorless respiration. When further Pi transport is blocked by mersalyl, the internal phosphate (or arsenate) can be depleted in ATP formation (Table II) and the respiration falls (Figs. 3 and 7) . The additional respiration associated with accumulated Pi is sensitive to oligomycin (Fig. 5) .
Mersalyl seems not to produce deleterious side effects on phosphorylation. Sulfhydryl protecting reagents readily reverse the inhibition of Pi transport and thereby re-establish state 3 respiration (9, 24; Fig. 7A ). By use of mersalyl oxidative phosphorylation can be divided into two component processes: Pi transport to the matrix by the Pi-OH-antiporter (4, 5) and phosphorylation of ADP at the F1 coupling sites (22) . An essential part of the phosphorylation is the operation of the ADP3--ATP4-antiporter (13) . When this is blocked with atractyloside ATP is not formed, and the shrinkage associated with ATP formation is not seen (cf. Figs. 1 and 3 with 6) .
It is now central to chemical (19) , chemiosmotic (17, 18) , and conformational (26) hypotheses that a respiration-linked proton motive force, a proton gradient, drives ion transport. Collapse of this membrane potential in ion transport releases respiration. Most of these opinions on salt transport regulating respiration rates come from experiments on animal mitochondria using ionophores (3, 20, 21) . Corn mitochondria also show a burst of swelling and respiration with addition of valinomycin. but again mersalyl has little effect on the respiration rate (Fig. 8A) 4 respiration observed must involve turnover of the phosphorylating mechanism as well. Sensitivity of the release to oligomycin supports this concept. Hence, respiration must generate both PMF2 for transport and "squiggle" (I X) for phosphorylation. Maximum release of respiration requires that both be dissipated. Figure 9 is our attempt to give a coherent explanation of these observations. The scheme seems internally consistent and stoichiometric, but there is no way at present to establish if it is correct. Figure 9A depicts Pi and adenylate transport associated with oxidative phosphorylation as they are now understood (5, 13, 24) . The principal ambiguity lies with the primary coupling event. From the chemiosmotic viewpoint (17, 18 ) the creation of PMF through respiratory loops is primary, and I X is derived secondarily at the expense of the electrochemical potential. From the chemical viewpoint, I X is formed by direct coupling to electron transfer carriers, and the proton gradient arises at the expense of I X (4. 10, 19). Our laboratory has suggested a modified chemical hypothesis (12, 25) wherein the dehydration necessary to formation of the primary covalent bond (i.e., I X, an acid anhydride or thioester) is accomplished by the polar ejection of H+ and OH-ions. Figure 9 begs the question as to which mechanism is involved, or whether there are conformational changes, but emphasizes that both a proton gradient and a chemical intermediate arise from respiration. The proton gradient drives Pi uptake through a Pi--OH-antiporter (4, 5) , and I X provides the primary high energy bond needed for phosphorylation. Our past assumption that Pi reacts with I~X from the outside (25) is obviously erroneous and must be dropped.
As discussed in "Results," no net accumulation of phosphate salt needs to occur during oxidative phosphorylation since simultaneous operation of the ADP3--ATP4-antiporter collapses the potential.
The sites of action for mersalyl (24) , atractyloside (13) , and oligomycin (6) in Figure 9A are those commonly accepted. Mitchell (17, 18) asserts that proton and cation permeability is normally low, but in corn mitochondria the permeability could well be finite, in particular where some aging has occurred (cf. Fig. 3A and B) . Accessibility of I -X to OH-from the inside is here proposed to be not rate limiting. Hence the action of proton shuttling uncouplers such as DNP would not be to directly collapse the PMF as proposed by Mitchell (17, 18) , but rather to indirectly collapse it by accelerating hydrolysis of I X. Figure 9B is drawn to conform with a previous suggestion (12) Figure 9C deals with the central problem of how internal phosphate contributes to a high state 4 respiration rate. Since addition of ADP to mersalyl-blocked, Pi-loaded mitochondria produces ATP (Table II) , and since oligomycin inhibits the extra respiration due to internal Pi (Figs. 1, 5 ). it appears that Pi must be turning over through X P. The question is whether turnover of endogenous ADP through endogenous
ATPase is responsible or whether X P hydrolysis occurs.
Probably both are involved, but we favor the latter process as the dominant one for these reasons:
1. There is a continued rise in respiration with increasing Pi (Fig. 4) . With a limited amount of internal adenylate, saturation might be expected at low levels of Pi.
2. The atractyloside experiments (Fig. 6) show that the ATPase would have to be in the matrix. The F1-ATPase can hardly be yielding net formation and net degradation of ATP at the same time. However. there might be appropriate phosphatases; the matter needs special study.
3. Substitution of arsenate for phosphate gives a very rapid turnover of "X As," but the shrinkage on addition of ADP does not indicate that ADP-As stability is a major factor. 4. Depletion of Pi (or As) in ATP formation lowers respiration. There should be adequate internal ATP for recycling ADP + Pi acceptor in this situation.
We conclude that the high acceptorless or state 4 respiration rates typical of many plant mitochondria cannot be ascribed solely to ion transport, but also involve uncoupling due to finite H+ or K+ penetration, and to turnover of the phosphorylating mechanism with internal Pi.
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Page 790, column 2, the last sentence which continues on page 791, column 1, the information should be corrected to read: The (nonsignificant) calculated values for complementation did not exceed the mean of the parent varieties more than 6.5%. Furthermore, no correlation with the results of field trials with the F1 hybrids is indicated. This remains true for heterosis of kernel yield as well as for straw height.
Since the cross between the varieties Jubilar and Diplomat showed a very pronounced and significant heterosis effect in kernel yield, we have used isolated mitochondria from these varieties for biochemical investigations as reported by Sarkissian (4) and Sarkissian and Srivastava (6) . According to Page 736, Figure 7 legend, should be corrected to read: Serial sections taken through internodes 1, 2, 3, and 4 ...
